The mesowear method evaluates the wear patterns of herbivore cheek teeth by 2 visually evaluating the facet development of the occlusal surfaces. It thus allows 3 classification of most herbivorous ungulates into browsers, grazers or intermediate 4 feeders, due to the fact that in grazers, tooth wear is characterized by a 5 comparatively high degree of abrasion, most probably due to the presence of 6 silicacious phytoliths in grasses, a higher amount of dust and grit adhering to their 7 forage, or both. It has been suggested that excessive tooth wear could be a 8 particularly limiting factor in the husbandry of captive large browsing species, and 9 major tooth wear was demonstrated in captive as compared to free-ranging giraffe. If 10 this increased tooth wear in captivity was an effect of feeding type and diets fed, then 11 it would be expected that other browsing species are affected in a similar manner. In 12 order to test this hypothesis, we investigated the dental mesowear pattern in captive 13 individuals of 19 ruminant species and compared the results to data on free-ranging 14 animals. Compared to free-ranging populations, captive browsers show a 15 significantly more abrasion-dominated tooth wear signal. The reverse applies to 16 captive grazers, which tend to show a less abrasion-dominated wear in captivity. 17
demonstrated that dental wear patterns mostly correspond to these feeding types. 8
Dental wear is basically induced by two components -food-to-tooth contact 9
(abrasion) and tooth-to-tooth contact (attrition). Because abrasiveness varies with 10 food source, the wear pattern can be more attrition-dominated or more abrasion-11 
Mesowear scoring 11
Only upper post canine dentitions were investigated, because as yet, there is no 12 consistent comparative mesowear dataset available for the lower jaw dentition of 13 ruminants. Only permanent teeth were scored. Unworn teeth and teeth in early wear 14 (occlusal surface not yet entirely exposed to wear) were excluded from this study, 15 because when too little wear is involved, no stable mesowear equilibrium can be 16 established. Also, dental specimens in very late wear were excluded as suggested by 17
Fortelius and Solounias (2000) . We used molar wear as a measure of discrimination 18 of very old and very young individuals, because absolute individual ages were 19 unknown in all wild animals and the majority of captive animals, and because wear 20 stages allow for selection of specimens in the same dental functional stage 21 independent from the degree of hypsodonty and the absolute amount of wear 22 involved. Wear stages considered in this study thus centre around the primary molar 23 functional stage of a species. In brachydont species (hypsodonty index < 1.5) wear 24 stages 4-6 (Fig. 2) were considered. These include teeth with dentine exposed at all7 7 cusps and all dentine fields isolated (stage 4), theeth with at least 2 but less then 4 1 dentine fields connected (stage 5) and teeth with all dentine fields connected, at least 2 one infundibulum still open or both infundibula connected (stage 6). In mesodont 3 species (1.5 < hypsodonty index < 2.5) stages 5-7 (Fig. 2) were scored. Stage 7 4 includes teeth with both infundibula closed, isolated and complex in shape. In 5 hypsodont species (hypsodonty index >2.5) only stages 6 and 7 were considered. 6 and sharp cusps was assigned a score of "0", a combination of high relief and round 19 cusp was assigned a score of "1", a combination of low relief and sharp cusp was 20 assigned a score of "2", a combination of low relief and round cusp was assigned a 21 score of "3" and a combination of low relief and blunt cusp was assigned a score of 22 "4". In this convention, a score of 0 represents the most attrition dominated 23 mesowear signature, while a score of 4 would represent the most abrasion 24 dominated signature. Individual scores were averaged and a mean score was 25 
Statistical analysis 11
The mesowear parameter frequencies were calculated for free-ranging and 12 captive individuals of each species, and subsequently the difference in score (free-13 range minus captive). Data on sex and age at death were not included in the 14 analysis. Score differences between free-ranging and captive populations were 15 plotted against the hypsodonty index after Janis (1988) and the body mass after 16 Janis (1990). Differences between the feeding types were tested by Kruskal-Wallis 17 test and subsequent U-tests with Dunn Sidak adjustment for ordinal data (mesowear 18 scores) and by ANOVA and subsequent post hoc tests with Dunn Sidak adjustment 19 for percentages. Differences between the scores within feeding types were tested by 20
Wilcoxon tests. Correlations were tested by bivariate correlation analysis 21 (Spearman). All statistical analyses were performed using SPSS 16.0 (SPSS Inc., 22
Chicago, IL, USA). The significance level was set to 0.05. Table 1 here 4
Free-ranging ruminants differed in their mesowear score between the feeding types 5
(Kruskal-Wallis p=0.005), with no difference between browsers and intermediate 6 feeders (p=0.412), a trend for a higher score in grazers than in intermediate feeders 7
(p=0.048), and significantly higher scores in grazers than in browsers (p=0.001). (ANOVA p=0.071) and blunt cusps (ANOVA p=0.098) only tended towards 14 significance between the feeding types. In contrast, there were no differences 15 between the feeding types in the captive animals; in particular, the mesowear score 16 did not differ (Kruskal-Wallis p=0.102). 17
18
Browsing species mostly had higher mesowear scores in captivity than in the wild 19 (Fig. 3) , and this difference was significant between the populations (p=0.028). In 20 contrast, five out of eight grazers had lower scores in captivity than in the wild; the 21 difference was, however, not significant for this feeding type (p=0.123) nor for the 22 intermediate feeders (p=0.465). Among the browsers, the only exception was 23
Tragelaphus strepsiceros (TT), which had a slightly lower score in captivity. This 24 species, which indicated that Boselaphus tragocamelus has a rather abrasive diet in 7 the wild; lower scores in captivity may indicate a similar pattern as observed in typical 8 grazers. Note that the total range of mesowear scores, in particular with regards to 9 very high scores, is lower in captivity (the grey shaded area in Fig. 3 ) than in the wild. 10
Quartile ranges of scores in free-ranging (0.45-1.18) and captive specimens (0.84-11 1.13) indicate that captive specimens are generally more homogenous in their 12 signature than wild specimens (Table 1) . In contrast, the difference in mesowear score was not correlated (p=0.761) to the 16 average body mass of the species taken from Janis (1990) (Fig. 6) . 17 This study demonstrates a significant difference in the tooth wear pattern between 21 free-ranging and captive ruminants. Compared to free-ranging populations, most 22 captive browsers show a much more abrasion-dominated dental wear signal. The 1 reverse applies to captive grazers, which tend to show a less abrasion-dominated 2 wear signature in captivity than in the wild. Intermediate feeders are intermediate. 3
The diet in captivity thus seems to obliterate differences in dental wear patterns 4 between the feeding types, which differed significantly in the free-ranging but not
dentitions. 10
There are some limitations to this study. Although an effect of age was indirectly 11 controlled for by the exclusion of particularly worn teeth, an age bias between the two 12 populations cannot be ruled out with absolute certainty. Nevertheless, general 13 qualitative differences in the mesowear parameters, such as the fact that in giraffe, 14
Clauss et al. (2007) found that the proportion of sharp cusps was not influenced by 15 tooth position in captive giraffes, are indicative of fundamental differences in tooth 16 wear and not only differences in wear degree due to age. The evident conclusion is 17 that this difference must be a result of the difference in diets ingested by the free-18 ranging and captive populations. 19
Another limitation of this study is that individual feeding records for the captive 20 animals investigated were generally unavailable. In order to achieve a sufficient 21 sample size, individuals had to be included that had been kept in captivity between 22 1860-1999, with the majority of animals between 1950-1990. Therefore, a direct 23 conclusion for a particular feeding regime cannot be made, and it cannot be stated 24 indicates that this feeding group experiences the least degree of difference in dietary 7 abrasiveness between the wild and captivity. Whatever the botanical differences, the 8 abrasiveness of diets fed in captivity appears to resemble the abrasiveness 9 encountered by the intermediate feeders of this study quite closely. In contrast, the 10 two extreme feeding types show differences between the wild and captivity that 11 indicate considerable differences in the abrasiveness faced in the two environments. 12
Grazers are generally considered less sensitive to abrasives in their diet, and in 13 captivity, this group appears less prone to feeding problems compared to browsers 14 Institutions that provided material to this study are situated in the temperate climate 7 zone, it must be considered likely that the grass hay fed to the animals investigated 8 had lower concentrations of silica. 9
A recent exploratory study (Sanson et al., 2007) revealed that isolated silica 10 phytoliths are softer than enamel tissue. The authors concluded that the dental wear 11 pattern typical for grazers might not be related to the abrasiveness of phytoliths but 12 rather to the exogenous grit and dust deposited on consumed plants. Although this hypothesis deriving from this study would be that on average, captive grazers should 16 achieve longer lifespans than both captive browsers on the one and free-ranging 17 grazers on the other hand. 18
In contrast, the findings in browsing ruminants are more alarming. Irrespective of 19 body mass (Fig. 6) , the browsers investigated showed wear patterns indicative of a 20 more abrasive diet in captivity than in the wild. The only exception was the greater 21 other captive browsing ruminants show abnormal dental wear patterns due to a 1 higher proportion of abrasive elements in the diets offered to these species. 2
Two questions arise from these findings: what are the causes for the increased 3 abrasiveness in captive browsers' diets, and are there any potential adverse clinical 4 consequences? One evident cause for a discrepancy in abrasiveness between the 5 diet of free-ranging and captive browsers could be the feeding of grass hay to these 6 species. In moose, for example, a survey revealed that 13 of 25 facilities (52%) 7 offered grass hay but only 2 (8%) used lucerne hay (Clauss, 2000) . In giraffe, a 8
European diet survey showed that 36% of 70 respondents were offering grass hay 9 regularly (in addition to lucerne hay) to their giraffe; in two facilities, grass hay was 10 the only roughage used (Hummel et al., 2006) . Similar data for other browsers is 11 missing, to our knowledge. In general, the use of lucerne hay is advocated in 12 browsing species (Lintzenich and Ward, 1997). Even if grass hay cannot be regarded 13 as the sole culprit for the increased dental wear in browsers documented in this 14 study, its use is to be discouraged with respect to its potentially detrimental effect of 15 tooth wear in these species. Another likely candidate for the introduction of abrasive 16 elements into the diets of captive browsers are pelleted compound feeds in general. or "low" (l), the cusp shape (CS) is classified as "sharp" (s), "round" (r) and "blunt" (b). 7 8 Figure 2 . Scheme for the grading of dental wear stage used to decide whether a 9 specimen was included or excluded in the study. Due to differential wear depending 10 on hypsodonty of the tooth, different grades were included for brachydont, mesodont 11 or hypsodont species. 
